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INVESTIGATION OF TWO~-STAGE AIR~-COOLED TURBINE SUITABLE
FOR FLIGHT AT MACH NUMBER OF 2.5
II - BLADE DESIGN

By James W. Miser and Warner L. Stewart

SUMMARY

A blade deslgn study is presented for a two-stage alr-cooled turbine
suiteble for flight at & Mach number of 2.5 for which veloclty dlagrams
have been previously obtained. The deteailed procedure used in the design
of the blades is given. In eddition, the design blade shapes, surface
veloclty distributions, inner and outer wall contours, and other design
data are presented.

Of ell the blade rows, the first-stage rotor has the highest solid~
ity, with a velue of 2.2839 at the mean section. The second-stage stator
elso had a high mean-section sollidlty of 1.927, mainly because of its
high inlet whilrl. The second-stage rotor has the highest value of the
suction-surfece diffusion parameter, with & value of 0.151. All other
blade rows have values for this parameter under 0.100.

INTRODUCTION

The problems that arise in engines suitable for high flight speeds
are being investigated at the NACA Lewls laboratory. As part of this
program, a velocity-dlagram study has been made of the turbine component
of an axial-flow turbojet engine suitable for flight at a Mach number
of 2.5 (ref. 1). On the basis of this study the free-stream velocity
diagrams at the hub, mean, and tip and the inner and outer wall contours
were obtained for a two~stage turbine that would satisfy the require-
ments of reference 1. These velocity diagrams are used to determine
the velocity dlagrams at the blade design section radil specified in
the design procedure presented herein.

The purpose of the subJect report is to present the results of &
blade design study made for a turbine that would satisfy the requirements
of reference 1. Included in this report sre an outline of the blade de-
slgn procedure, the final blade shapes and their coordinates, the blade

UNCLASSIFIED
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surface velocity distributions, and a discussion of some of the serody-
namlic characteristics of the flnel blade shapes. Also discussed are the
requirements imposed on the external blade shape by the amount of coocling
alr end by the type of cooling passages that might be employed to distrib-
ute the alr and act as heat-transfer surfaces inside the blade. Since
there may be changes in the Internsgl blade cooling ceorfiguration in future
experimental investigetions, the effects of the cooling alr on the main-
stream flow are treated rather generally, and certain assumptione are

made which allow for the increased mass flow but do not consider the many
ways In which the cooling alr could affect the flow inside and downstream
of- the blade channel.
SYMBOLS ..
b blade height, £t
c curvature, -1 -

c blade chord length, £t

D, pressure-surface diffuslon parameter, defined as

Blade inlet-reletive velocity ~ Minimum blade surface relatlve veloclty -
Blade inlet relative velocity

Dg suctlon~-surface diffusion parameter, defined as

Meximum blade surface relative velocity - Blade-outlet relative velocity
Maximum blade surface relative velocity

d approximate axiel distance from trailling edge to center of channel
exit, £t

1 length (specified by subscript), £t
m slope of. inner and outer walls

N number of blades

r radius, £t

ro average radius of curveture of suction surface downstream of
channel exit, ft

B blede spacling or pitch, £t
t trailing~edge thickness, f£t

U blade velocity, ft/sec

92V
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v sbsolute gas veloclty, f£t/sec

W relative gas velocity, ft/sec

W mess flow, 1lb/sec

Qg blade stagger angle measured from axial direction, deg
B relative gas-flow angle, deg

8te ‘tralling-edge-thickness parameter, t/(s cos B)

p ges density, 1lb/cu ft

G blade solidity, c/s

g angle equal to half the wedge angle at the blade treiling edge, deg
© rotative speed, radians/sec -
Subscripts:

a refers to axlel station Jjust inside traeiling edge

av average of suction~ and pressure-surface guantities

c center of chennel exlt

ce chamel exit

cr conditions at Mach number of 1.0

h hub

m mean

mid midchannel

o) orthogonsl

P bressure surface

8 suction surface

t tip

X axiel



4 : R NACA RM E56KO6

(0] station at turbine entrance

1 station at outlet of Fflrst-=stage stator

2 station at outlet of first-stage rotor

3 station at outlet of second-stage stator
4 statlion at outlet of second-stege rotor
Superscripts:

" relative total state

BLADE DESIGN CONSIDERATIONS
Turbine-Design Requlrements

The design requirements of the subject turbine were determined in
reference 1. The turbine veloclty dlagrems and the inner and outer well
contours which satisfy these requirements are reprinted in thie report
as figures 1 and 2(a), respectively.

Cooling~Air Requirements

The cooling-sir requirements for each blade row sre discussed in
reference 1, where the cooling alr required per blade row is gliven in
terms of the ratio ¢ of turbine cooling~slr 4o compressor inlet weilght
flow as follows:

First-stage stator, @1 . . . . . . . . . . . 0.025 (exhausted overboard)
First-stage rotor, @5 « + ¢ ¢« o« ¢ ¢ ¢« ¢« ¢ ¢« o s ¢« ¢« o s ¢« « « o . 0.020
Second-stage stator, Pz .« « ¢« ¢ ¢ 4 o 4 s e et e v e s e e e e 0.025
Second-stage TOtOT, Pg « « o o ¢ « o o o ¢ o o o o o o o 0 o s« o 0.020

Many ways of—exhausting the turbine cooling alr from the blades have been
considered. Of these ways, the arrangement that geems most suiteble for
the proposed flight application is one 1ln which the turbine cooling air
from the filrst-stage stator 1s exhausted overboard end the cooling alr of
the other three blade rows 1is exhausted into the turbine mainstream flow.
This sasrrangement seems to be feasible when the cooling air for the first-

and second-stege rotors is exhsusted from the tip end and the cooling air.

from the second-stage stator is exheusted from the hub end.

Ay
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Effect of Internal Coollng-Passege Requirements on Design
of External Blade Shapes

In designing an internslly cooled blade, adequate provisions for the
internal blaede ccooling passages must be consilidered in designing the ex-
ternal blade shape. One of the ressons for this 1s that sufficlent in-
ternal ares must be provided to pass the required amount of cooling air
at subcritical velocities and to obviate large pressure drops within the
blade. OFf even gresater significance ls the requlirement imposed on the
external blade shape by the type of internsl cooling passages that might
be employed to distribute the cocling gir over the Inner surfece of the
blade and to act as heat-~transfer surfaces.

Since the use of corrugated inserts along the inner surface of the
blade was considered as & possible solution to the cooling-air distribu-
tion end heat-transfer problems, this particuler cooling configuration
dictated the use of blade shapes that would not reguire bending of the
corrugated inserts to any great extent 1n the radial direction,

It was felt that the three-dimensional deslgn procedures based on
three design sections which have been used previously (see ref. 2) would
result in considersble bending of the corrugated inserts; therefore, a
modified three-dimensional design procedure based on the design of only
two blade sections was developed. By designing only two blade sections
and fairing the rest of the blade with stralght lines through correspond-
ing points on the two blade sections as discussed in the appendix, the
bending of the corrugated inserits is minimized.

In order to have internsl blade coollng passages close to the trail-
ing edge, a wedge-shaped trailing edge was used In all four blade rows.
The wedge angle at the trailing edge 1s gbout 10° for each blsde row with
gbout en equel division of the wedge angle between the suctlon and pres-
sure surfaces. The use of a wedge-shaped trailling edge requires a certain
amount of curvature on the suctlion surface downstream of the channel exlt
(fig. 3). The effects of curvature along this portion of the suction
surface on the blade profile loss and exit flow angle are discussed sub-
sequently in the section entitled Discusslon of Blade Design Procedure.

Considerations of Two-Section Blade Deslgn Procedure

As previously pointed out, & feirly stralight blade shepe 1s desired
in order that corrugated inserts, if used, would not be bent to any great
degree in the radigl direction. In order to do this & blade design based
on only two sections Iinstead of the usual three or more was adopted. The
two design sections chosen were sections B and D of figure 4(&). Sectlion
B corresponds to a raedius equal to the mean-section redius plus one-fourth
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the blade helght st the blade tralling edge, and section D corresponds to
e radius equel to the mean-section radius minus one-fourth the blade
height st the blade trailing edge. It should be noted that the radius of
section B and the radius of section D are constant from the inlet to the
outlet of a glven blade row, but these radii vary from blade row to blade
row. The radius of the mean section (section C) is constant throughout
the turbine, as shown in figure 2(a), and the slopes of the inner and
outer walls are assumed to be equal and opposite from the inlet to the
outlet of-a blade row. Small changes in the inner and outer wall contours
from those shown in figure 2(a) are shown in figures 2(b) to (d). These
progresglve deslgn changes and thelr effects on the design are discussed

subsequently.

Since section B is spproximately halfway between the mean and tip
over the entire axial length of the blade, the surface velocitles of sec-
tion B should be fairly representative of those along the surfaces of the
mean and. the tip. A similar assumption is msde for section D wlth respect
to the hub end mean. Thus, it is assumed that the control of the velocity
distributions at-sections B and D should be adequate enough to ensure a
low blade profile loss. On the baesls of this assumption, a deslign proce-
dure is outlined herein which 1s based on only two sections. From these
two sectlons three other sectlons (sectlons A, C, and E in fig. 4(a))
parallel to the axis of rotation are obtalned for blade fabrication pur-
poses by the method given 1n the appendix.

Design Assumptlons

The three-dimenslonal deslgn procedure used herein is an adaptation
of the-design procedure given in reference 3 with the modificetions dis-
cussed in reference 4, The assumptlions used in this design procedure
conslst of the design assumptions given in references 3 and 4, the assump-
tlons made to adapt the two-section blade design to the three-section
blade design procedure of reference 3, and the assumptions regarding the
cooling sir. These sssumptions are:

(A) Free-vortex flow exists at all free-stream stations.

(B) Total temperature and total pressure are uniform from hub to tip
at all free-streem stations.

(C¢) 8imple radlel equilibrium exists in the radial-axisl plene from
hub to tip at all axial stations. Within the gulded channel simple radial
equilibrium 1s assumed to exist from hub to tip along the centerline of a
glven orthogonal surface.

(D) There is no change in total-state conditioms from & free-stream
station to a station Just inside the tralling edge.

—

952



4236

NACA RM E56KO08 S ‘ 7

(E) There is no change in the tangentlal veloclty from the free-
stream stations to corresponding stations Just inside the tralling edge.

(F) In the design of that portion of each blade surface between the
inlet and the exit of the guided channel, the relative total pressure is
assumed to vary linearly in the exial direction from the leading edge to
the trailing edge of the blade.

(G) In order to adapt the two-section design to a three-section de-
sign for the purpose of Iintegrating the welght flow crossing a given or-
thogonal surface, the following quentities are assumed to vary linearly
from hub to tip:

(1) The sngles Bg; and Bp (fig. S5) measured between the suction

and pressure surfaces and llines parallel to the axlis of rotatlion
at either end of & cross-channel orthogonal

(2) The suction-surface to mlidchannel velocity ratio and the
pressure-surface to midchannel veloclty ratlo

(3) The cross-channel orthogonal length (fig. 5)

(H) The addition of turblne cooling air to the mainstream flow is
assumed to be linear in the axial direction from the leading edge to the
trailing edge of e blede row.

(I) As soon a8 asny portlion of the cooling air enters the main stream
within a given blade row, the total-state and flow conditions of the
cooling alr are the same as those of the main stream. To this extent the
cooling alr 1s considered to be a blockage unliformly dlstrlbuted over the
channel at a particuler axisl station. As pointed out in reference 1,
in elther a cold-zir test of the turblne or in a test of an actual englne
at design operating conditions, the total temperature and total pressure
of the cooling alr would probebly not be too far different from those of
the malnstream flow. Therefore, this assumptlion 1s considered to be
reasonable.

Assumption (I) indlcetes that the cooling air is assumed to produce
some work in followlng a streamlline path similar toc that of the mainstream
£flow, but it would be difficult to incorporste this work in the calcula-
tion of the stage work outputs. Therefore, the cooling air is neglected
In calculsting the work of each stage, but it 1s accounted for in consid-
ering the cooling air as & free~-stream flow blockage.

Trailing~Edge Thickness, Solldity, and Design Veloclty Diagrams

As pointed out in reference 5, the over-ell blade loss decreases
with a decrease in the trailing-edge thickness; therefore, 1t was desired

iy

—_ -
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to have a thin trailing edge. However, in order thet the internal blade
cooling passages could come sufficiently close to the tralling edge to
adequately cool the trailing-edge region, the tralling-edge thilckness was
limited to a minlmum of 0.030 inch for all four blade rows.

The free-stream veloclty diagrams at the hub, mean, and tip shown
in figure 1 for the inner end outer wall configurations of-flgure 2(a)
are used as the basis for calculating the design velocity diagrams at the
design sectlons. Since the blades were designed using sections B and D
(fig. 4{a)), as previously discussed, it was necessary to calculsate the
free-stream velocity diasgrams for these two sections (fig. 6) on the
basis of assumptions (A) to (C). Im the design of a blade section, how-
ever, the tralling-edge deslgn was based on the veloclty dlagram calcu-
lated for the station Jjust inside the tralling edge on the basis of as-
sumptions (D) end (E) and continuity, comsidering the effect of trailing-
edge blockage only. In order to calculate the traliling-edge blockage, 1t
is necessary to determine the pitch, or spacing, of the blades in 2d44i-
tion to the prescribed trailing-edge thickness.

In determining the pitch of the bhledes two things were considered,
namely, the solidity and the axial chord length. For each blede row a
vaelue of solidity was chosen that would result in a satisfactory veloc-
ity distribution from the standpoint of low surface diffusions. If later
in the design procedure 1t was found thet the veloclity distribution was
vnsetisfactory, the solidity was changed as required. In the over-all
engine design it—was proposed thet the turbine rotor sheft—would be can-
tilevered from a bearing located at an axisl positlion spproximately equsal
to that of the leading edge of the first-stage stator. For this reason,
an effort wes made to reduce the axial length of the turbine by reducing
the axisal chord length of each blade row as much as possible-without
causing the blade to be so thin that it would be imposgible to install
Internal blede cooling pessages.

For the selected values of solidity and the selected wedge angle of
10°, preliminary blade sections and channels were drawn for all four blade
rows. These sectlons were analyzed to determine-the extent to which the
blade section could be scaled down esnd still provide adequate internal
cooling ares. By this method the finel exial chord lengths of the first-
stage stator and rotor and the second-stage stator and rotor were deter-
mined to be 1.8, 2.5, 2.0, and 2.5 inches, respectively. Thils varisiion
in exial chord length of the last three blade rows results in the inner
and outer wall configurstion shown in figure Z(b).

For these values of axial chord length and solidlty, the pitch of
each blade section can alsoc be determined. Then the trailing-edge block-
age Ofo can be calculated by the equation

9L
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t
Bte = 5 cos B

where P 1is the free-stream flow angle, which is approximately equal to
the flow angle Jjust inside the trailing edge. Then, on the basis of con-
tinuity, the weight-flow parameter at the station Just inside the trailing
edge was caelculated by the equation

AWy 1 Py
-] = —
P"Wer /g, 1 = B f\P"Weyp

With this weight-flow parameter inside the tralling edge and the
tangential critical velocity ratio from assumption (E), the velocity dia-
gram inside the trailing edge was determined by use of the "flow chart”
shown 1n figure 3 of reference 6. The veloclty diagrams for each station
Just inside the trailing edge are shown 1n flgure 8.

BLADE DESIGN PROCEDURE

During the blade design there were progressive changes of the tur-~
bine inner and outer walls as indlcated in figure 2. In reference 1 ve-
locity disgrams were evolved for the configuration shown in flgure z(a),
which has equally spaced free-stream stations snd equally divergent inner
and outer walls from stations 1 to 4. In order to shorten the turbine
for the mechanical reasons previously mentlioned, the axial chord length
of each blade row was shortened as much as possible, resulting in axisl
chord lengths of 2.5 inches for the first- and second-stage rotors and
2.0 inches for the second-stage stator. This difference in the axial chord
lengths between the rotors and the second-stage stator then resulted in
the configuration shown in figure 2(b). To allow sufficient clearance
between the blade rows for the instrumentation to be used and the masnu-
facturing tolerances specified, the blade rows were spaced 5/8 inch spart
as shown in figure 2(c). Then, in order to provide straight inner and
outer walls, straight lines were drawn at the hub and tip from station 1
to station 4 as shown in figure z(d). In the final manufacturing drawing,
the hub radius at the inlet of each of the last three blade rows was re-
duced by 0.015 inch to prevent the mainstream flow from impinging on &
sharp corner in case of expansion of either the rotor shaft or the ocuter
casing to which the stator blades are fastened. To define the wall at
the hub, a straight line was drawn from the new leading edge of the blade
base to the blade hub outlet radius. This last change 1s Insignificant
insofar as the turblne serodynamics is concerned, and it is neglected
hereafter.,

In the blade profile design the suction surface is divided 1nto
three parts, namely, thet portion upstream of the channel inlet (fig. 3),
thet portion downstream of the channel exlt, and that portion between the
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Inlet and exit of the guided channel, In the design procedure the two
portions of the suctlon surface ocutside the gulded channel are designed
on the besis of the angles given in the design velocity diagrams of fig-
ure 6, considerstion belng given to the divergence of the inner and cuter
walls as shown in figure z(d) in estsblishing the length of the channel
exit—1,¢ (fig. 3(a)). The third portion of the suction surface and the

entlire length of the pressure surface between the inlet and ocutlet of the
guided channel were designed using a three~dimensional channel design
procedure simliler to those used in references 3 and 4. For the design of
the guided channel, the inner and outer wall configuration of figure 2(c)
wag used in order that the channel deslign would be consistent with the
deslign veloclty disgrams used.

In the followlng outline of the design procedure, that portion of
the procedure concerned with the design of the gulded channel can be
divided into a preliminary surface velocity investigation to detect un-
gcceptable veloclty fluctuations along the blade surface, an lteration
process of matching an assumed surface veloclty distribution with the
design welght flow, elimination of large surface diffusions by altera-
tions of the channel design, and a repetition of the lteration process
mentioned, 1f necessary.

The detalled blade design procedure 1s gilven in the followlng steps:

(l) The trealling edges of two adjacent blades were represented by
circles of-0.030-inch dismeter drawn 1 blaede pitch apart.

(2) To represent-the suction surface st the trailing edge, a line
was drewn tangent to one circle at an angle 5° larger then the flow angle

inside the trailing edge By (fig. 3).

(3) To represent the pressure surface &t the trailing edge, a line
was drawn tengent to the other clrcle at an angle 5° smaller than Bg -

(The lines drawn in stepe (2) and (3) then represent e 10° wedge angle
at the tralling edge.)

(4} Assuming that the channel exlt area over.the blade height should
be equeael tov the annulus area at the blade exit minus the traliling-edge
blockage, the length of the chennel exit at each of the two design sec-
tions of each of the last three blade rows was sdjusted to compensate for
the change in annulus ares from statlon 1 to station 4 on the basils of
the imner and outer wall divergence shown in figure 2(d). The method of
determining the length of the channel exit is as follows:

Seey
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(a) The approximate axial distance from the trailing edge to
the center of the channel exlt was celculated by the equation

d = 'Z( - 'EFs_tB';) cos(By - ¥) sin(By - V)

where V¥ 1s half the wedge angle.

‘ (b) The constent and equal slopes of the inner and outer walls

from stations 1 to 4 (fig. 2(d)) were determined from the change
in the radius of both the Inner and outer walls between these two
stations. In reference 1 the hub radius was specified to change
from 9.555 to 8.555 inches between stations 1 and 4, and the tip
radius was specified to change from 14.000 to 15.000 inches over
the seme distance. In the final design of the turbine the clear~
ance between blade rows is specified to be about 5/8 inch; there-
fore, the axlal length of the turbine from the outlet of the
first-stage stator to the outlet of the second-stage rotor is

8% inches. From these values, the slopes my and m, of the

inner and outer walls were calculated. (Note that the two slopes
are equal in magnitude but opposite in sign.)
!

(c) Using the values of d, my, and m, calculsted in steps

(42) and (4b), the blade height at the center of the channel exit
be was calculated by the equation

be = (rt,a - mgd) - (rh,a - myd)

= T, - Th,a - (g - mpy)d
Since my = -my, then
be =T4,a = Th,a - 2md

(d) The length of the channel exit was then celculated from
the raetioc of blade height at the tralling edge to the blade height
at the center of the channel exit by the equation

le = (8 - Eﬁt-g;) cos(ha - ¥) 52 )

(5) As shown 1in figure 3, the channel exit was located on a line

that was drawn perpendiculsr to the line drawn in step (3) at the point
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of .tangency of the line of step (3) and the trailing-edge circle. The
length of the channel exit calculated in step (4d4) was then measured
along this line.

(8) At the suction-surface end of -the channel exit & line was drawn
perpendicular to the channel exits

(7) Having thus determined two lines tangent to the suction surface
as well as their polnts of tangency in steps (2) and (8), a drafting
spline was located tangent to these two llnes st the specified points of
tangency. A brief examination of the shape of the resulting portion of
the suctlon surface downstream of the channel exit was then made to deter-
mine whether or not the local curvatures were excessive. If the local
curvatures were excessive, an attempt was made to distribute more evenly
the curveture slong thils portion of the suction surface elther by reduc-
ing the wedge angle or by chaenging its position slightly wilth subsequent
changes in the channel exit position.

(8) At the leading edge of each blade row the suction and pressure
surfaces were drawn to converge tc a point termed the design leeading edge—
(fig. 3). The axial location of the design leading edge corresponded to
an exisl distance forwerd of the tralling edge equal to the axiasl chord
length previocusly specified for each blade row plus sn additional length
estimated on the basis of the type ofwedge shape desired.at the leading
edge. The tangential location of the leading edge with respect to the
trailing edge (described by length e 1in fig. 3) was determined by locat-
ing the design leading edge in such a way that good curvature distribution
was obtained on the suctlion surface between the inlet and exit of the
gulided channel. The deelgn of the leading edge of the stators differs
from thaet of the rotors as follows:

(a) At the design leading edge of each of the stators the
suctlon and pressure surfaces were mede To converge &t an angle
of about 20° to 30° with each other and to have about equasl but
opposite—Incidence angles with the mainstream flow. Therefore,
the resulting design axial chord lengths were about C.l1 inch
longer than the specified axial chord length of the finsl blede
shape with a rounded leading edge.

(b) At-the design leading edge of the rotors the pressure
surface was drawn tangent-to the suction surface (fig. 3(b)),
and at this point the angle of both surfaces was equal to that
of-the blade inlet free-stream flow. With this type of leading-
edge-design the blade is usually sufficlently thick with respect
to turbine cooling to round off thHe leading edge at an axial
distance of sgbout 1/2 inch from the design leading edge. There-
fore, the design axlal chord length of the rotores was specified
to be 3.0 inches. From the design leading edge to the design
channel inlet—the suctlon surfece was represented by a straight

ine at an angle equal to the inlet free-stream relstive flow
angle (see fig. 3(b)).

. 9287
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(9) A suction surface was then represented by an srbitrary curve
connecting the portlon of the suction surface upstream of the channel in-
let with that downstream of the channel exit. Local curvatures on the
suction surface were measured with a curvometer described in gppendix B
of reference 4. Lerge locsl curvatures were reduced by changing the dis-
tribution of the curvature from chennel inlet to channel ocutlet, by
changing the tangentiasl position of the leading edge relative to the
tralling edge, or by changing the position or amount of the wedge angle *
at the trailing edge.

(lo) The pressure surface was then represented by an arbltrary curve
drewn from the design leading edge to the point of tangency at the
trailing-edge circle determined in step (3).

(11) A series of orthogonel lines (flg. 5) was drawn from the suc-
tion surface to the pressure surface. At the ends of these orthogonal
lines the local curvaturesd of the suction and pressure surfaces were
measured by a curvometer. The lengths of the orthogonal lines were also
measured.

(12) Using the values obtalned in step (11), the ratio of the suction-
surface veloclty to the midchaennel velocity stwmid and the ratlo of the

pressure-surface velocity to the midchannel velocity wb/wmid were cal-

culated at each orthogonal line by equations (39) and (40) of reference 7,
which 1n the symbols of this report are as follows:

Wg _ exp[GSZO ( _ Cg - Cp)] . (2)
Wpnia 2 4Cg
W Cc.1 3(C; ~
e _50[1__(_8__31] (3)
Wmid 2 4Cg4

{(13) In order to detect undesirable surface velocity fluctuations
resulting from a combination of local surface curvatures and orthogonal
lengths as represented in equations (2) and (3), a preliminsry surface
velocity check was mede without considering the continuilty requirements.
This was done by assuming a suction-surface veloclty distribution that
would satisfy the surface diffuslon requlirements and then calculeting the
midchannel and pressure-surface velocity distributlion by equations (2)
end (3). If the midchannel and/or the pressure-surface velocities had
large local fluctustions, the blade profile was changed in order to give
a steadier velocity variation, and steps (9) to (13) were repeated.

(14) Having established the channel design for both sectlons B anpd
D of a given blade row in the preceding steps, sections B and D of the
stators were stacked so that the centers of the chennel exites (fig. 3(a))
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were in a common radiasl plane perpendlcular to the axis of rotation, and
sections B and D of the rotors were stacked so that thelr trailing edges
would be tengent to a common radisl plane perpendicular to the axis of
rotation. Then, assumptions (GL) to (G3) were used to estimate the quen-

titles Bgys Wg/Wpigs Wp/Wyigs 8nd 1, at the hub, mean, end tip redii.

(15) From the values of Bg, oObtained in step (14) at the hub,

mean, and tilp, the ratio of the midchannel velccity at the hub or the
tip to that-at the mean was obtained from equaetion (3) of reference 8,
which is based on simple radial equilibrium. A rearrenged form of this

equation with the symbols of this report is

_ Jdr
dr frjdr
mid!r"_ 1 - - ' e 1M
Wnig rm mid,r
’ o (+)

sinZBav
r

where

= 2w sin Bgy

(18) By assuming & midchannel velocilty distribution at the mean
section, the midchannel velocity distributions st the hub and tip were

calculated by using the ratios Wmid,h/wmid m 8nd Wpgg t/Wmid n b~
talned in step (15). Then, with the retios s/wﬁid and WP/ cal~

culated in step (12), the suction- and pressure-surface relative velocity
ratios, WB/Wcr and Wb/Wcr, regpectively, were calculated at the hub,

mean, and tip.

(17) With the values of 1, Wg/Wop, and Wp/W., obtained, the

average integrated mass flow ascross each selected orthogonal surface was
calculated by the following equation:

[ [

oc2%
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In the integration of pW along the orthogonal a linear variation in.
static pressure from the suction surface to the pressure surface was as-
sumed, and the tables for & ratio of speciflc heats of 1.3 and the method
of Integration of reference 9 were used.

(18) On the basis of assumption (H), the deslgn welght flow crossing
each orthogonal surface was calculated. These values were compered with
those obtained in step (17). If the weight flows of step (17) differed
from the design values by more than 1 percent at corresponding axial
stations, then the originsl assumption of the midchannel veloclty distri-
bution at the mean of step (16) was altered until the calculated and de-
sign welght flows agreed within 1 percent.

(19} From the final midchannel velocity distribution at the mean ob-
tained in step (18), the midchennel velocitles at sections B and D were
obtained by using equation (4).

(20) The suction- and pressure-surface velocity distributions of
sections B and D were then calculated from the midchannel velocities cal-
culated in step (19) and the ratios Wg/Wpjq end Wb/wﬁid determined in

step (12).

(21) Since all four blade rows were designed with a curved suction
surface downstream of the channel exit, some suction-surface diffusion
would have toc be accepted. Within the channel the upper limits of the
suction-surface diffusion parameter Dy, which is & measure of the

suction~surface diffusion, were set at 0.15 for the stators and 0.20 for
the rotors. If any of the calculated suctlion-surface diffusion parameters
et sections B and D exceeded these limits, then the blade channel was re-
deslgned with changes to reduce the suction~surface diffusion parameter.

Final Blade Shspes

From the design sections B and D, three other sections (A4, C, and
E, fig. 4(a)) were obtained by the method outlined in the sppendix.
These five blade proflles were then stacked in the manner discussed in
the appendix. ' .

The finel blade channels and profiles for sections B and D for all
four blade rows are shown in figure 7. The coordinmstes for the flve
blade sections of all four blade rows are given in teble I. The typical
profiles for use in reading the table are given in figures 4(b) and (c).

Discussion of Blade Design Procedure

The design of a three-~dimensionsal blede row is usually based on at
least three blade sections that adequately define the necessary channel

—~
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quantities reguired at the hub, mean, and tip. However, for the type of
gir-cooled blade-proposed for the subject application, a falrly straight
blaede was required. ©Since a three-section design might possibly have -
resulted in undesirable bending of-the blade internal cooling passeges,
the blades for the subject turbine were based on only two sections (B
and D, fig. 4(a)). On the basis of & linear variation in the radial 3i-
rection of the four design quantities Bg,, 1., Ws/wmidi and Wb/Whid

based on the values at the two design sections B and D, the values of.
thege four quantities were obtasined at the hub, mean, and tip. It should
be noted that the four quentities thus obtained dc not represent—the
actual velues for the final blade shapes at the hub, mean, and tip ob-
tained from sectione B and D by the method of the sppendix and the sub-
sequent conformetion to the inner and ocuter walls shown in figure 2(d).
The cealculated values of these four quantitles represent only gocd asp-
proximations of those that asctuslly exist—in the final design.

In order to compare the design method based on two sections with
that based on three sections, the welght flows obtained by the two dif-
ferent—methods were compared. The blade used for this comparison had
been designed previously using three design sectlons. The differences
between the weight-flows calculated by the twe different methods waes less
than 1 percent for the same mlidchannel velocity distribution at the mean.
This means then that the veloclty distributions for sections B and D for
each of the blade rows designed herein should be fairly representative of
those thet—would have been obtained by a three-section design method.

In the design of all four blsde rows the lnner and outer wall con-
figuration shown in figure 2(c) was assumed, but subsequently the inner
and outer wall configurations for the last-three blade rows were changed
to those shown in figure 2(d). As indiceted in figure 2(d), the hub and
tip radii of the final inner and outer wall configuration ere slightly
different—from the corresponding radili indiceted Iin filgure 2(c). At the
leading edges of the first-stage rotor, the second-stage stator, and the
second-gtage rotor, the differences in the annular ares between the two
configurations are 3.2, 3.5, and 1.8 percent, respectively. For the
first-stage rotor this represents an increase in the relative inlet flow
angle of 1.1° and a decrease in the relative critical velocity ratio of
about—2 percent. It should be noted that-the hub and tlp radli at the
trelling edge of the second-stege rotor were not changed, end et the
trailing edge of-the first-stage rotor and the second-stage siator the
changes in the hub and tip redii changed thelr respective annular areas
by less than 0.8 percent. Therefore, the flow angles and veloclties at
the trailing edges of the latter two blade-rows would he changed by a
negligible amount.

In reference 10 a relation between the blade profile loss and the
suction~surface curvature downstream of the channel exit—is presented on



[y Pl

e o

NACA RM ESBKO6 F 17

the basls of cascade date obtaeined at turbulence levels below those
usually encountered in turbines. The variation in the profile loss is

. therein presented over a range of Mach numbers as a function of & ratio

of the blade spacing to the average radius of curvature of that portion
of the suctlion surface downstream of the channel exit s/rc. In order

to predict the maegnitude of the loseses ettributed to thls suction-surface
curvature, the value of s/rC was spproximeted by the equation

s e -0 (5)
rao 8 8ln 900 gin B

2 (181230)

where 8 sin B approximates the length of the suction surface downstream
of the channel exit, and where 2¢ represents the angle through which
the suction surface turns downstream of the channel exlit. The values of

s sln B and 2§ then approximaste an arc length and an arc angle, respec-
tively, from which a radius of curvature ro can be obtained. The

largest value of s/rc would then correspond to the blade section with

the smallest exit Fflow angle, which according to figure 1 is the second-
stage rotor hub. This section has a relatlive exit flow angle of 40017',
and. the corresponding value of s/rc would then be 0.27. From figure

12(&) of reference 10 the sdditional profile loss would be apprdximately
10 percent of the blade proflle loss for a straight-backed blade. The
magnitude of the additional losses attributed to the curvature on the suc-
tion surface downstream of the channel exit is considered to be very ques-
tionable, because the turbulence level In the second-stage rotor 1s con-
sidered to be much higher than that of the cascade used to determine the
results presented in figure 12(a) of reference 10.

The curvature of the suction surfeace downstream of the channel exit
also has an effect on the blade outlet flow angle, as dlscussed in refer-
ence 10, which gives a relation between the value of B/rc and the change

in the outlet flow angle. Since the blade exlt Mach numbers of the sub-
Ject turbire are in the high subsonle Mach number range, the values ob-
tained from using figure lz(b) of reference 10 based on a blade exit Mach
anumber of 1.0 should be of the right magnitude. Using values of s/rc

calculated by equation (5) and approximstions of the flow angle at the
channel exit, it was found that for most of the blade sectlons the curva-
ture of the suction surface downstream of the channel exlit would affect
the exit flow asngle by less than 0.5° and in all cases by less than 1.0°.
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DISCUSSION OF DESIGN RESULTS

The design values of the mean-sectlon solidity and the number of
blades for each row are listed 1n table II. Of the four blade rows, the
turning in the first-stage rotor is the largest; and table II shows that
in the final deslgn this blade row has the highest sclidity. - From the
surface velocity distributions shown in figures 8(c) and (d), it can be
shown that a somewhat lower solidity could have been used without exceed-
ing the surface diffusion values of figures 8(c) and {d). However, the
redesign would not have resulted in a major improvement; therefore, the
first-stage rotor design was not changed.

It should also be noted that the solidity of 1.927 for the second-
stage stator is also high. This high solidity occurred because, as in
the first=stage rotor, there is a large inlet tangentlal velocity.
Therefore, & higher solidity than those usually assoclated wilth stators
was required for the second-stage stator to avold lerge surface
diffusions.

From the surface veloclty distribution for sectlions B and D in fig-
ure 8, it can be seen that all four blade rows have a certaln amount-of
suction-surface diffusion. Based on an saverage of values at sectlions B
and D, the second-stage rotor has the highest value of the suction-surface
diffusion parameter, 0.151 (teble IL). A diffusion of this magnitude is
not considered excessive (ref. 4). The other blede rows had average
suction-surface diffusion parameters of less than 0.100.

CONCLUDING REMARKS

A blade design study wes made for a two-stage alr-cooled turbine
sultable for flight at a Mach number of 2.5 for which veloclity dlagrams
had been previously obtaeined. The detalled procedure used in the design
of the blades was given. In addition, the design blade shapes, surface
velocity distributions, inner and outer wall contours, and other design
data were-presented. The important results of the deslign are as follows:

1. The first=stage rotor had the highest solidity, with a velue of
2.289 at the mean sectilion.

2. The second-stage stator alsc haed a high mean-section solidity of
1.927, maeinly because of _its high inlet whirl.

3. The second-stage rotor has the highest suction-surface diffusion
parameter, with a value of 0.151. All other blade rows have values under
0.100. - - oot T T T T T T iy

Lewls Flight Propulsion Laborstory
National Advisory Committee for Aeronautics
Cleveland, Ohioc, November 8, 1S56

92y
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APPENDIX - METHOD OF DETERMINING BLADE SHAPES AT HUB, MEAN,
AND TTP FROM TWO INTERMEDIATE SECTIONS

In the design procedure of this report, blade sections B and D (fig.
4(a)) were determined. In order to adequately define the blade shape for
fabrication, 1t was also necessary to determine sections A, C, and E
(fig. 4(a)). For all four blade rows the method of fairing is the same,
but the way in which sections B and D are located with respect to each
other is different for the stators and rotors; therefore, they are dis-
cussed separstely.

Stator Blade Sections

For the stator blades the method of determining sections A, C, and
E from the design sections B end D is as follows:

{1) The suction surface of section B was divided into equal segments
and the end points of the segments were numbered from the leading edge.
The pressure surface was simllarly divided into equal segments. Then the
profile of section D was divided in the same manner with the number of
segments on each surface corresponding to those of section B.

(2) Assuming that sections B and D were flat instead of sections on
a cylindrical surface, the radlal distances between sections A, B, C, D,
and E were determined from the radil of the sections.

(3) The two deslgn sections B and D were placed one over the other
s80 that the center of the channel exit of adjacent blades at section B
was directly over the center of the channel exit of adjacent blades at
section D and so that each blade profile was oriented at the proper blade

stagger angle.

(4) Straight lines were drawn through corresponding points on the
suction and pressure surfaces of sections B and D. Corresponding points
on section C were obtalned by blsecting each llne between polnts on sec-
tions B and D. Corresponding points on section A were obtained by meas-
uring along each straight line between polnts on secticns B and D a dis-
tance equal to the horizontal distance between polnts on sections B and
D multiplied by the ratio of the radial distance between sectlons A and
B to that between sections B and D. Polnts on section E were obtained
in a manner similar to those on section A.

(5) The profiles of sections A, C, and E were then determined by
fairing curves through the polnts obtained for these sections in step
(4). The rounded leading and trailing edges were defined by arcs of
circles drawn tangent to the suction and pressure surfaces and located
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in such a way that in a side view of the blade the leading end trailing
edges would be represented by stralight lines drawn through corresponding
points on sectione B and D.

Rotor Blade Sections oo
The method of determining sections A, C, and E for the rotor blades
is largely the same as that for the stator blades, with some exceptions:

(1) and (2) same as steps (1) and (2) for. the stator blades.

(3) The center of gravity of sections B and D were determined.
Then sections B and D were placed one above the other so that the trail-
ing edges were tangent to the same radial plane perpendicular to the
axis of rotetion and so that the center of gravity of each section was
over the axis of rotation. -

(4¢) and (5) seme as steps (4) and (5) for the stator blades.

(6) Cooling-air-passage areas were determined for each section, and
then alr-passage contours in the radial directipn were established. The
centers of gravity for the blade profiles with cooling-air-passage areas
were calculeted, and from these centers of gravity the center of gravity
of the entire blade was determined. The center of—gravity of section E
was located in a radial-axiasl plene, and then the blade was tilted in
the tangentisl dlrectlon so that the center of gravity of the entire
blade was located In this same radial-axlal plene.
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TABLE I. - BLADE-SECTICN COORDINATES
(a) Firet-stage stator
Section (fig. 4(a)}
A B C D B
Radius of section, in.
13.851 12.888 11.777 10.666~ 9.635
Stagger angle, oy, deg
45.23 45.23 45.23 45,23 45.23
X, Y., Yi, Y, YP, Yg, YP, Yg» YP, Yo YP’
in in. in. in. in. in. in. in. in. in. in.
0 0.050(0.050({0.050|0.050(0.0500.050(0.050|0.,050|0,.050|0.050
.1 2683 L026| .263| .025{ .250f .024} .252} .022( .247| .02L
.2 «.384 | .097! .383| .091| .378| .088| .377] .082| .378| .078
.3 AB21 153 463 147 .465| .138| .465( 130| 470 .125
4 .514| .1967 .519| .189| .526| .1BO| .53l .171| .538] .l164
.5 .548| .228{ .557| .223| .566| .213| .576| .203| .587| .198
.6 .568| .253| .579| .246| .592| .237] .BOS| .228| .819| .223
.7 574 .266| .589| .259| .603| .203| .621| .247| .638| .242
.8 569 .272| .587| .267| .602| .262| .623( .258| 643} .258
.9 555 .270| .575| .268| .594| .2866] .615| .265| .B35| .268
1.0 .537| .262| .557| .263| .578| .285| .599| .268| .B17| .273
1.1 .515] .250| .536| .255| .556| .2B80| .575| .285| .593) .272
1.2 491! .237| .511| .244| .530| .252| .547| .258| .562| .267
1.3 .465| .223| .485) .231| .50L} .239| .516| .248| .527| .257
1.4 4391 .207] .457| .218| .470] .226| .48l .236| .4B3| .243
1.5 410 192 .426| .201| .436( 211 .445( .220| .450| .227
1.6 3821 174 .394( .185|.-.400( .194| .407| .201| .408| .208
1.7 «352| 158 .380| 169 .364| 175| .366| .181| .363| .183
1.8 320} J142) ,325| .151] .326| .155]| .324) .180| .317| .159
1.9 «287| 124 .289| 133| .286| .135| .280) .137| .269| .134
2.0 .253| 108 .252] .113] .242| .114| .235) .112( .220( .108
2.1 «217| 091 .215| .094| .204| 092 .189} .088| .169| .080
2.2 .182| .072 ,177) .075) .18l .070| .142] ,063| ,118| .052
2.3 J147| 054 | 138 .054| .118| 048] .097| 037| 067| .020
2.385] === mmee| mmme| mmmm | mmem | e | wmee ] weee [ L0155 .015
2.4 112 .037| .099| .034| .076| .024| .050| ,010| === =w--
2.452| ~eme| mmee]| mmme] meem| meem ) —eee ] 015 015 e ] e
2.5 076 | .020]| 060 .015| 035| 000 ~==-| wmem| =mme] —mmmn
2.5018| mmmm| mmmm | el meem | (015 LOLS| emmm | e | ] e
2.584| =mwe| wmae] ,015| 015| =me=] ==mme| mmme| e[ mmee | emam
2.8 2040 003 | —=-=| mmee| mmmm| mmmm | mmmm | mmem | mmme [ eem
2.640| .015| .01S| -===] -==-| ====] —om=m| mmmm ] mooo | —mmm | —oee

9gev



RACA RM ES6KO06

S

TABLE I. - Continued. BLADE-SECTION COQORDINATES
(b) Pirst-stage rotor

TlJo

Section (fig. 4(a))
A B c D E
Radius of section, in.
14.352 13.055 11.777 10,489 9.203
Stagger angle, ag, deg
33.25 23.37 13.00 9.92 -1.00

X, Yg, Yp, Yo, Yp, Ys, YP, p YP, Y, YP,

in. in. in. in. in. in, in. in. in. in. in.
0 0.031{0.031/0.038{0,038(0.045(0,045(0,052(0,052;0.055(0.059

.1 .195} .047| .220| .045| .250| .038| .271} .026| .289| .016

2 .328] .121; .364| .128( .410| .130| .452} .130| .484] .121

.3 432} ,183] .480} .198} .540} .209| .600] .215{ .643]| .216

4 .516}| .240| .570| .255| .640| .273| .715]| .288| .778| .299

«Ss .584| .285) .643| .305| .721] .330| .808| .351] .882| .368

.6 .640| .322( .702| .347| .787| .378| .880| .404] .966| .428

o7 .682| .353{ .748| .381| .837| .415| .935| .448(1.031} .478
" .8 .718| .379| .780| .409( .872 .446| .975} .483|1.081| .518

.9 . 740} ,399| .803| .431| .895| .470(1.004| .512(1.117| .552
1.0 .755] .415) .818) .448) .909| .488)1.020{ .532|1.140]| .578
1.1 .761| .426| .821| .459; .911j .500(1.023| .548|1.151| .596
1.2 .759| .432| .817| .464| ,903| .506(1.016| .555|1.150| .608
1.3 . 7501 4331 .803(| .465| .887| .505(1.000| .557}1.138| .612
1.4 .732| .431| .781| .460] .88l} .501| .971} .552{1.113| .610
1.5 .710| 423} .752| .450| .B29| .490| .932| .540(1.079| .800
l.6 .68l .412} .720| .438| .785| .473| .882] .521(1.028| .582
1.7 .848| .398) .680 .,419| .735| .451| .82l .495| .962| .557
1.8 .612]|°.380| .636| .387| .679| .422| .751] .462| .882] .521
1.9 .573| .359}| .588| .370| .B618]| .390} .672| .420( ,792| .476
2.0 533| .334| .538| .340| .550| ,351| .589| .372{ .690| .420
2.1 491 .308| .482| .305| .480| .306| .499] .315| .573| .355
2,2 .448| ,278| .426| .288| .407| .256| .400| .250} .450| 274
2.3 .401| .248| .366| .225| .329| .201]| .295| .178) .411| .181
2.4 «353( .212| .303| .182| .245| .143| .184| .100| .166| .080
26495 === === | mmee| mmmn| mmme | mman] aeee | -—ee] L,015] LO15
2.5 «303) 177 .236( .137| .158] .080| 070 OLB| ===rm]| ===
2,541 ~===] ~e== ] cmenf ccee] maan ) meee| L0015 L0155 ememm] mee-
2.6 .250] .140| ,167| .089| .065| 01l5| =cm=| =mme| —mmm| wme-
2643 ~e==| ce-e| ——oen] o—--| ,015]| 015 =-==| =m=m| —mmm| mm—-
2.7 ¢197| 104 | .094| .04O| ~=mo| —mme| mmmm| mmmm| mmee| ame-
2,796 ====| ====| 015 .015| ==c=| ====| mwem| =mm=] | —m——
2.8 J40| 066 | —===| ==e=| mmen| mmem| mmem | mmme| mmen] mee
2.9 078 028 =] ~mem] mmmm| mmmm| mmmn]| e} mmee ] e
2.992| 015 015 —===] ~=c=| mcce| mmoe| mwame| coweef e ———-
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TABLE I. - Continued. BLADE-SECTION COORDINATES
(c) Second-stage stator
Section (fig. 4(a))
A B Cc D E
Radius of-sectlion, in.
14,647 13.221 11,777 10,333 8.907
Stagger angle, ag, deg
25,87 25.65 25.55 25.50 25.42
X, | Yp» | Ysr | Yps | Yas | Yoo | Yes | Yps | Y, | Yp, | Y
in. in. in. in. | in. in. in. in. in, in. in.
0] 0.054|0.054|0.050|0.050|0.048|0.048|0.045|0.045|0.040| 0,020
el 020 .181| .024( .193| .030( .201| .03B| .208} .047| .222
.2 .074| 270 ,089) .286) .104| ,303| .123| .320} .144| .341
3 118} .334| ,140| .355| 168} .379| .194| .402| .226| .428
o4 L1511 .383| 182 .408; .217| .435| .252| .485| .292| .496
S 175 417| .212( 447 .256| 480 .298| .513| .345] .549
o6 .192| .440| .,236| .474| .284| .512| .332| .547| .384} .584
o7 «204 | .4B3| .253| .480| 304} ,530| .357| .568| .410; .608
.8 .211| .458| .262| .497| .317| .53%| .371| .578| .426| .619
.9 .213| .456| .266| .496| .323| .538| .378| .578| .434| .819
1.0 .211 | .446| .265| .487| .322| .528| .377| .569| .432| .810O
1.1 .206| .430| .260| .470| .31B6| .513}| .369| .B53| .421| .591
1.2 .198] .410| .251 | 448 .304| .489| .354| .526| .403| .563
1.3 «189 | .385| .237| .421| .287| 460} .333| .494|( ,377| .525
l.4 L1768 .357| .221| .390| .265| .424| .307| .454 | .344| .480
1.5 162 .327| .20} .,356| .240| .385| .275| .410| .305| .429
l.6 146 | .296| ,179] .319| .212| .342| .238] .360]| 260 374
1.7 128 | L2631 J154 | 279 L1799 | .295] .198| .307| 211 314
1.8 .109 | .228| .126| .236| .144-| .245| .156| .250| .1680| .249
1.9 .086 | 189 .098| .181| 107 .192| .111| .180| 108 .180
2.0 .064| ,248| .068| .143| .069| 137 .065| .1l26| .051} 107
2.1 .040| ,104| .036-| .092| 030 | .079| 018 .061| .00L| .033
260113 ==m= | mm==| wmme | meme ] mmme | e | weem | -] L0168 LO16
2,154 w--m | mmem| mmme | mmme | mmmm | e | L0186 JO1B | —=== | ===
2,192 === | == | mmmm | m===] 016 | WOLB | mmmm | mwmme ) mmee | ——eem
2.20 015 | 058 | 003 | s040| ===} meem | mmmin | cmce | e | e
2,230 ===x | ===~ 0168 ] ,01B8| ~==m| === | memm | mmme | mmmm | =
2.2688| 018 | 4016 ==== | === | === | mmmm | mmmm | e | mmem | m—mm
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TABLE I. - Concluded. BLADE-SECTION COORDINATES
(d) Second-stage rotor
Section {fig. 4(a))

A B c D E
Radius of section, in.
15.000 13.388 11.777 10.166 8.555
. Stagger angle, agy, deg
32,45 26.00 15.43 3.83 -3.83
X, Y., YP, Ygq» Yp, Yg, YP, Y, YP, Y, YP,
in. in. in. in. in. in. in. in. in. in. in.
0] 0.030|0.,030;{0.030|0,030|0,030{0.030| 0.030{0.030{0,030|0.030

.1 117 .026f .123| .022| .127| .034| .136( .038| .140| .039
2 .182 ,064| .184| .075] .207| .085] .224} .097| .230{ ,098
S 244} .103| .261| .117} .284| .133| .308| .148| .318| .153
o4 .298| .138} .323| .156| .354} .175] .386| .195| .402| .203
«5 347 J1l72) 378 .192) .419]| .213] .461] .236| .480| .246
6 387 .202| .423| .223| .473] .246| .527| .273] .556| .287
7 419] .228| .459| .2492| 517} .273| .585} .304f .625| .324
.8 4431 .250| .484| .270| .551| .296| .63L| .329| .686| .354
.9 A4ST| 2687 .500| 286} .573| .313| .687| .348| .737| .380

1.0 .465( .279| .507| .296| .585| .324| .691| .364| .778| .400
1.1 .466| .286| .508| .304| .591| .332| .704| .375| .808| .414
1.2 .459| .291| .s02| .306| .587| .336 .707| .379| .825| .423
1.3 .448| .292| .488]| .304| .574| .334| .e98| .379| .830| .427
1.4 .432] .289| .470] .299| .555| .326| .679| .373| .823| .427
1.5 .413| .283| .448| .290| .528| .314¢| .650] .362| .808| .420
1.6 .392| .273| .424| .278| .498| .298| .6l2| .344| .775{ .407
1.7 .370] .260| .3968| .260| .461| .279| .s66| .322| .732| .387
1.8 .347| .244| .370| .239| .420| .255| .511| .295| .876| .361
1.9 .324| .224| .340| .216| .373| .227| .451| .262| .607| .330
2.0 ‘| .297] .204} .305| .191| .323| .195| .384| .225| .528| .292
2.1 .271] .183| .267| .165| .269| .160| .312| .181| .441| .248
2.2 .243| ,161| .227| .137| .211] .122]| .236| .134| .350| .195
2.3 .213| .137| .184| .108| .151| .081| .155| .080| .250| .135
2.4 .182| .114| .139| .074| .088| .038| .070| .022| .146| .067
2.455| wmme| mmme| mmee | cmem| mmem| mmee| L015] L015| cmem | ame-
2.498| =mm| mmce| cmme| cmeo | L015| LO15| —mmm | === | mmmm | —mee
2.5 .147| .087| .090| .040| ~=em} mmmm| meee | =m-=| 034 .00L
2,512 === | =me=| mmme| mcoe| mmee| mcee| mmee| a-aa| L015] .015
2.6 .115] 062 .041| 004 | mmmm | mmmo | mmmm | e mmem | —emm
2.633| =cme| —m===| 015| 015 | mmme | mmee| e | mmme | e | emem
2.7 .080| 40368 =mmm| mmme| mmme | e | ;e | mmmm | emen | mae
2.8 L045| 009 | mmmm | mmee | mmmm | ;e | mmme | mmmn | mem | aoem
2.848| 015 015 | wmmm | ;e | mmmm | e | mmem | mem | mmem | e
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TABLE IT. - SUMMARY OF BLADE DESIGN QUANTITIES

First stage |Second stage
Stator|Rotor|Stator|Rotor
Number of blades 41 64 65 50
Solidity at mean section, Iy 1.395 (2.289(1.927 [1.687
Average suction-surface
diffusion parameter, Dg 0.090 10.096|0.,082 |0.,151
Average pressure-surface
diffusion parameter, Dp 0.639 |0.325(0.402 (0,316

9eev
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Mgure 1. - Veloclty dlagram for two-btage turbine oomfiguration of reference 1.
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I S A Flow
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{2} Original eonfiguratlon {(see fig. 7 of ref, 1).
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Figure 2. - Progresoive design changes of ivner and cuter wall configuration.
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_~Tralling-edge
thicknesns, t

Half wedge

angle, ¥ S—Statlon just Inside

tralling edge

Ba,~ ¥

:Parallel te

axis of rotation

uction Channel 2
surface exit

Blade pltch, s Wedge angle, 2¢

Pressure
surface

Design
leading

47

inal leading edge
(a)} Stator blades.

\\Preasure

surface

Suction
surface

Final leading edge

Ve Parallel to
} ax]s of rotation

Design
Ieading edge

(b) Rotor blades. (Variables not shown are
same as for stator blades.}

Figure 3. - Some blade design variables at leading and treiling edges.
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- A—f,’eff: r-
Parallel to axis
r = 0.015 in
Beb — ] of rotatlon-\ - j
’_ *
b{& a
c—p - ——— T b i
b/4
D~ — — — — ] __J_
A Blade chord

r — —

See table I... Radius of section C =~ 11.777 in.
Y,
i+ Axis of rotation
{a) Typical blade, side view (except for rirst- (b) Stator blade mection, top view.
atage stator, which has constant hub and tip
radil).
Yq
Y,
+ Qg
“Parallel to axis - \ /
of rotation r = 0.015 in.
{c) Rotor blade section, top view.
Flgure 4. ~ Typlcal top and slde views of stator and rotor blades for use

with table I.
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Selected axial station T

Pressure aurrace-/,

Orthegonal
surfaoce

Tip

Suction surface Orthogonal

Mid-

channel Mean

Parallel to axis
of rotation

Figure 5. - Description of orthogonal surface and some variables in design procedure.
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(V/V,.)g = ©.245

(V/Vyp)iq =0-815

Pirst-

(V/Ver)o = 0.245

70161 (V/Vop)1a = 0.957

stage

Vber)l = 0.809

stator

(v, }1 = 0.949
68%3:¢ &G

649321 ~
(WM )y = 0.434 W/Wep)y = 0.838
349101 55931
_ Stabions 58°45: seo2T!
Firat-
atage
(W/Won)og = 0.810 Totor (W/¥Wop)og = 0.775
la =2
—— 1 — (WMon)p = 0.758
2 (V/Vonle = 0.478
[ -~ N —
34
— Second-
—_—— e B — stage
stator
(V/Vep)xa = 0.92
(V/Ver)zg = 0.785
42
—_———— — — 510431

(V/Vep)z = 0.770

(W/Mop)s = 0.493

8°g!

46°48"

Second-

% stege
,/f// robor
H/\icr)‘a = 0.859

479551

’//TW/Wcr)L = 0.845
-1

(a} Section B.

e fig, 4(&) for location of sections.

(W/wcr)‘l = 0.800

42%sg>

tup, ), = 0.778

(b) Bection D

. Fi%gre 6. ~ Veloclity diagrams used in deuiin of blades for two-stage turbine.
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sl A

Section B Sectlion D
(a) First-stage stator.

),

Section B Sectlon D
(b) First-stage rotor.

\ X

Section B Sectlion D

(¢) Second-stage steator.

.

Section B Section D
(d) Second-stege rotor.

Figure 7. - Blade profiles of stator and rotor blades.
(See rig. 4(a) for location of sections.)
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Critical veloclty ratio, V,
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NACA RM ES56K06

I | T
po— Channel exlt
A ™.
Suction surface
(o,
pm
/ / A _'
// //
Z]
//77 //;;easure surface
v 4
> S
| Inlet velocity T O Velocity-diagram value
< at end of suction B
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[ Enéd of pressure
’A_/ surface ..
—- (a) RPirst-stage stator, sectlon B.
Channel exit -
~
Suction surface ©
/| [ /3 |
/ 4
//// //g// S R
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//// ///Presaure surface
/ // |
Inlet veloecity
’/ -
L1
/
.4 .8 1.2 1.8 2.0 2.4 2.8 -

Blade surface length, in.

(b) First-stage stator, section D.

Figure B. - Design surface velocity distributions at blade sections B and D for

all four blade rows.
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Pigure 8. -~ Contlnued. Deslign surface veloclty distributions at blade sections B
and D for all four blade rows.
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Blade surface length, in.

(f) Second-stage stator, section D.
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d. Deslgn surface velocity distributiona at blade
sectlions B and D for all four blade rows.
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